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The increasing demand of propylene to be used as raw material for the production of
important chemicals products requires the development of efficient chemical routes for
its synthesis. The oxidative dehydrogenation of propane to propylene (ODHP) has been

2014 proposed as a thermodynamically favorable route for the production of propylene from
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propane. In this study a simplified Mars VVon Krevelen mechanism (MVK) was used to
describe the kinetics mechanism of the ODHP reaction catalyzed by a bimetallic 1.25%

of Pd and 3.75% Mo (weight percentage) supported on alumina catalyst over a wide
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range of compositions, temperatures and flow conditions. The kinetic rate equation with
the best fitting to experimental data corresponds to one in which the propane adsorption
is the controlling step.
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INTRODUCTION

The increasing demand of propylene to be used
as raw material for the production of polypropylene,
acrolein, propylene oxide and cumene among other
important  chemicals  products  requires the
development of efficient chemical routes for its
synthesis (Lobera et al. 2008). The oxidative
dehydrogenation of propane to propylene (ODHP)
has been proposed as a thermodynamically favorable
route for the production of propylene from propane
(equation 1).

C,H, +0.50, <> C,H, +H,0 1)

ODHP is an equilibrium limited reaction, it is
generally carried out at 450-650 °C and atmospheric
pressure using supported noble metals as palladium,
platinum or chromium as catalyst (Gascon et al.
2003). It has been reported that adding modifiers
such molybdenum, tin, arsenic and lead improves
catalyst activity and stability by inhibiting side
reactions as isomerization and hydrocracking (Bhasin
et al. 2001). Pt catalyst includes promoters such
alkali metals and alkaline earth metal to reduce
support acidity, increase Pt dispersion and reduce Pt
sintering (den Otter and Dautzenberg 1978;

Rodriguez et al. 2005; Zhang et al. 2013). Adding a
second metal have a profound effect on Pd supported
catalyst activity and selectivity by inducing structural
changes (Chaar et al. 1987; Kung and Kung 1992;
Lee et al. 1997; Stern and Grasselli 1997; Baldi et al.
1998; Soczyaski et al. 1999). There have been
reports of highly active and selective catalytic
systems for the ODHP reaction dehydrogenation
constituted by elements of group VIII promoted with
Mo; in a previous study (Zea et al. 2011) the
performances of Pd/y-Al203, Mo/y-Al203, and Pd-
Mo/y-Al203 catalysts were investigated in the
ODHP reaction in order to understand the effect of
the Pd-Mo interaction in terms of structural
properties and catalytic activity. The Pd-promoted
Mo catalyst showed lower dispersion values but a
significantly higher specific activity to the formation
of propylene when compared to the monometallic Pd
catalyst under similar reaction conditions. In this
study a simplified Mars Von Krevelen mechanism
(MVK) was used to describe the kinetics mechanism
of the ODHP reaction catalyzed by a bimetallic
1.25% of Pd and 3.75% Mo (weight percentage)
supported on alumina catalyst over a wide range of
compositions, temperatures and flow conditions.
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MATERIALS AND METHODS

Catalysts Synthesis:

Bimetallic 1.25 Pd and 3.75 Mo percentage on
weight supported on gamma-alumina
(1.25Pd3.75Mo) catalysts were prepared by wet co-
impregnation. The support used was y-alumina
(Alpha-Aesar ,surface area: 79 m?/g, pore volume:
0.31 cm®g); it was impregnated with an agqueous
solutions of palladium chloride (PdCl,) and
ammonium heptamolybdate ([NH4]Mo0;0,,.6H,0) to
generate the proper metallic load as described in
detail elsewhere (Zea, Figueiredo et al. 2011). After
impregnation, the catalyst was heated from room
temperature to 450 °C (5 °C/min) in dry air
atmosphere (70 ml/min); the 450 °C temperature was
kept for 120 minutes then increased to 600 °C (5
°C/min) and kept at this temperature for 240 minutes,
then natural cooling was allowed; catalysts was
stored in an inert atmosphere (He) to avoid its
degradation.

Catalytic Activity:

ODHP catalytic activity on the 1.25Pd3.75Mo
catalyst was measured in a fixed bed flow stainless
steel reactor (6.3 mm internal diameter) containing
100 mg of oxidized catalyst sample (particle size
between 200 — 250 microns) and coupled directly to
a gas chromatograph. Propylene, carbon monoxide
and dioxide were found to be the main reaction
products. Propane conversion (X) and propylene
selectivity (S) were evaluated at three temperatures
(400, 450 and 500 °C), varying the ratio of
oxygen/propane (U) in the feed to evaluate catalytic
activity in the stoichiometric condition (U=1), below

stoichiometric condition (U=2) as a function of the
feed ratio W/Feed Ci;Hg (grams of catalyst/Cs;Hg
moles). The reaction mixture (100 ml/min) contained
propane, oxygen and helium as balance gas, flows
rate were controlled using Bronkhorst High-Tech
series F-200 and F201 mass flow meters. Preliminary
experiments indicated the absence of mass transfer
restrictions for the reaction conditions.

RESULTS AND DISCUSSION

Results of the catalytic activity data for the
bimetallic 1.25Pd3.75Mo catalyst in terms of the
variation of propane conversion (X) and selectivity to
Propylene (S) as a function of feed ratio (W/Feed
CsHg) for various oxygen/propane (U) ratios are
presented in Figures 1, 2 and 3. Figure 1 shows the
results obtained at 400 °C. It can be observed the
reduction tendency in selectivity as the reaction
conversion increases. The experiment done below
stoichiometric and at stoichiometric conditions
(U=0.5 and U=1, respectively) shown overlapping
similar profiles of the conversion as the feed ratio
increases. Conversion data obtained for feed ratio
above stoichiometric  condition (U=2) has
comparable values at lowest feed ratio, however as
the feed ratio value increases the conversion
increases faster than in the U=0.5 and U=1
experiments, with values up to 1.5 times higher.
Figure 1 also shows the important effect the feed
ratio has on the reaction selectivity; the selectivity
profiles for the case of the conditions (U=2 and
U=0.5) are substantially lower than the values
obtained for U=1 condition, being in average 2.2 and
1.4 times higher than the values obtained for the non-
stoichiometric conditions, respectively.

stoichiometric  condition (U=0.5) and above
0.2
0.15 sal S

Conversion-Selectvity (%)
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Fig. 1: Conversion and selectivity as function of feed ratio (W/Feed C3;Hg) and the ratio of oxygen/propane (U)

at 400 °C

Figure 2 shows the change of propane
conversion (X) and selectivity to Propylene (S) as a
function of feed ratio (W/Feed C3Hg) for various

oxygen/propane (U) ratios for the 450 °C
experiments. The tendency of selectivity reduction as
conversion increases is still observed in these
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experiments; conversion values reported for the 450
°C are higher than the obtained for the 400 °C
experiments, although the U=0.5 and U=1 conditions
still follow a very close behavior there a clear
separation showing U=1 with higher conversion; in
the case of the conversion for the U=2 condition the
increment compared to its counterpart at 400 °C is
even higher, almost twice as the values reported for
the 400 °C. The selectivity values reported for the

450 °C are higher than the one obtained for the 400
°C experiments. Selectivity is not longer higher for
the U=1 condition as observed in the 400 °C, being
overpass by the U=0.5 condition; selectivity of the
U=0.5 condition is in average 2.3 and 1.12 higher
than the selectivity obtained for the U= 1 and U=2
respectively, this factor are closed to the ones
calculated for the 400 °C experiment.
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Fig. 2: Conversion and selectivity as function of feed ratio (W/Feed C3Hg) and the ratio of oxygen/propane (U)

at 450 °C

Figure 3 shows the change of propane
conversion (X) the selectivity to Propylene (S) as a
function of feed ratio (W/Feed C3H8) for different
values of oxygen/propane (U) ratios for the 500 °C
experiments. The opposed profile behaviors of
selectivity and conversion continued; conversion of
the U=2 condition shows higher values than the
obtained for the U= 1 and U= 0.5 conditions. In term
of selectivity changes, the catalyst evaluated at the
U=0.5 condition does not present the highest values
as observed for the experiment performed at 450 °C,
instead the U=1 condition generates the highest

selectivity values when compared to the U=0.5 and
U=2 conditions. The U=1 condition selectivity is a
lot higher than the selectivity for the condition U=2
and U=0.5; this strong dependency of catalysts
selectivity as a function of the Oxygen/Propane ratio
in the reactor feed is a clear indication that the
reaction selectivity is strongly dependent of the
amount of oxygen available in the reaction mixture.
The selectivity of the U=1 is in average 1.29 and
1.78 times higher than the values obtained at the
U=0.5 and U=2 conditions.
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Fig. 3: Conversion and selectivity as function of feed ratio (W/Feed C3Hg) and the ratio of oxygen/propane (U)

at 500 °C
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In a previous study (Zea, Figueiredo et al. 2011),
the 1.25Pd3.75Mo catalyst was characterized using
TEM coupled with EDS; the results clearly showed
how the coimpregnation procedure of Pd and Mo
results in a catalyst with individual Pd particles along
with a well-dispersed Mo in the vicinity of them;
XRD profile presented the PdO peak however its
position was slightly shifted to the left, indicating a
possible weak interaction between the Pd and Mo.
No clear evidence of the formation of a Pd-Mo alloy
or solid solution was observed.

A simplified Mars Van Krevelen (MVK)
reaction mechanism involves the propane adsorption
on the PdO species, once adsorbed the propane
molecule interact with the oxygen of the PdO specie
breaking C-H bounds, generating a C=C bound and
desorbing as propylene and water leaving on the
surface a reduced active site, this reduced surface site
is oxidized by the oxygen presented in the
homogeneous phase. A schematic representation of
the mechanism is shown:

A+ X <> AX )
AX > X g +R+S (3)
X,g +B e X (4)

Where A corresponds to propane, B to oxygen,
R to propylene and S water to molecules; X
corresponds the active sites of the catalysts surface
and AX corresponds to the surface specie formed by
the adsorption of propane on the active site. Equation
(2) represents propane adsorption on an active site,
equation (3) represents the reaction of the propane
adsorbed on the active site to from propylene and
water, finally equation (4) represents the oxidation of
the reduce active site generate during the reaction
described in equation (3), this oxidation is done with
the oxygen available in the homogenous phase.

Three kinetic rate equations can be proposed
applying the concept of controlling step; equation
(5), (6) and (7) correspond to the cases in which
propane adsorption is the controlling step, the
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Where k, and kg are the kinetic constants of
adsorption of the specie A and B, kg is the surface
reaction Kinetic constant, Ky and Kg are the
adsorption equilibrium constants for specie A and B,
and K is the reaction equilibrium constant. Propane
conversion data as function of the feed ratio
(W/Feed CsHg) shows the reactors behaves as a
differential reactor, the activity catalytic data
obtained are adjusted by means of error
minimization methods to the reaction Kinetic
equations (5), (6) and (7) (Chaar, Patel et al. 1987,
Blasco and Nieto 1997; Jalowiecki-Duhamel et al.
1997; Stern and Grasselli 1997; Khodakov et al.
1998).

The kinetic rate equation with the best fitting to
experimental data obtained for the 1.25Pd3.75Mo
catalyst corresponds to one with the propane
adsorption as controlling step, equation (5). The
results of the experimental kinetics values and the
values calculated from the fitted equation are show in
Figures 4, 5 and 6 for the 400, 450 and 500 °C
temperatures.
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WyFeed C3Hs (y cat/mal C3Hs)
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U=1 «ll=2

Fig. 4: Reaction rate as function of feed ratio (W/Feed C3Hs) and the ratio of oxygen/propane (U) at 400 °C
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Continuous lines in Figures 4, 5 and 6 represents
the reaction rate calculated form the adjusted
equation, average error form experimental and
calculated data is below 2%. Kinetics and
equilibrium constants, adsorption enthalpy, and heat
of adsorption are obtained from Vant Hoff equation
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Fig. 5: Reaction rate as function of feed ratio (W/Feed C3Hg) and the ratio of oxygen/propane (U) at 450 °C
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Fig. 6: Reaction rate as function of feed ratio (W/Feed C3Hg) and the ratio of oxygen/propane (U) at 500 °C

The standard enthalpy change of the propane
adsorption on the active site is -110 kj/adsorbed mol.
ODHP is a highly exothermic reaction enthalpy
(AH® at 420 °C is 2116.7 kJ/mol] and irreversible
process (AG® at 420 °C is 2176.1 kd/mol) where the
selectivity to propylene is limited by the oxidative
process leading to thermodynamically stable COy
species. From the Kinetic point of view, the ODHP
reaction is generally described by a set of parallel-
consecutive reaction system, where both the selective
reaction to propylene and its oxidation to CO,
species and the parallel direct formation of COy
species are included. Many literature data report that
COy is formed mainly by consecutive oxidation of
propylene and to a lesser extent on parallel path by

direct oxidation of propane (Lemonidou 2001;
Schindler et al. 2001; Rubio et al. 2003).

Conclusions:

Propane conversion and selectivity to propylene
on bimetallic 1.25% of Pd and 3.75% Mo (weight
percentage) supported on alumina catalyst were
evaluated as function of feed ratio (W/Feed CsHg),
ratio of oxygen/propane (U) and temperature. The
results show a strong effect of the oxygen/propane
ratio both on conversion and selectivity. Higher
concentration of oxygen in the reactor feed increases
propane conversion, but reduces propylene
selectivity, the best performance of selectivity as a
function of the ratio of oxygen/propane (U) was at
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the stoichiometric condition (U=1). Propane
conversion increases as the feed ratio (W/Feed CsHg)
increases, on the contrary propylene selectivity
decreases as the feed ratio (W/Feed C3Hg) increases;
both behaviors are properly adjusted by a simplified
Mar Van Krevelen (MVK) mechanism where higher
coverage of the adsorbed propane on the catalyst
surface and a higher pressure of oxygen on the
homogenous phase would be beneficial to yields a
higher reaction rate, this trend is well describe for all
the reaction temperatures, (W/Feed C3Hg) feed ratios
and the (U) oxygen/propane ratios.
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